Limestone Fine Aggregate in Portland Cement Concrete by Laughlin, George R.
EAR\--E c. l!?l,.~I'JjENT~ 
C:OMMtS:Stt;tii!E" OF ltiiGHWAl(S 
COMMONWEALTH OF KENTUCKY 
DEPARTMENT OF HIGHWAYS 
FRANKFORT 
February 24, 1960 
MEMO TO: D. V. Terrell 
Director of Research 
ADDRESS REPLY TO 
DEPARTMENT OF HIGHWAYS 
MATERIALS RESEARCH LABORATORY 
132 GRAHAM AVENUE 
LEXINGTON 29, KENTUCKY 
A.l. 2. 
D. l. 7. 
The attached report, "Limestone Fine Aggregate in Portland 
Cement Concrete," by George R. Laughlin, was prepared as the 
result of a request from the State Highway Engineer to investigate 
the properties of manufactured limestone sand in Portland cement 
concrete. 
The report is somewhat basic in the treatment of particle shape 
and we believe, is a definite contribution along that line. Mr. Laughlin 
has related the crushing techniques and particle shapes to cement 
concrete consistency testing. 
It appears that good quality structural Portland cement con-
crete can be produced from properly manufactured limestone sand. 
The limestone sand would have to be controlled within definite limits 
for both gradation and grain shape to produce concrete strengths 
consistent with pre sent standards. Manufactured limestone sand is 
not quarry waste materials or what is commonly referred to as lime-
stone dust. 
Manufactured limestone sand could be considered for use in 
Portland cement concrete base, but we feel that in pavement slabs 
or bridge decks subjected to the abrasive action of traffic that 
polishing of the aggregates would probably become critical. 
We would be pleased to prepare mate.rial and construction 
specifications for manufactured lime stone sand and its uses in 
Portland cement concrete. 
WBD:dl 
Encs. 
cc: Research Committee 
Bureau of Public Roads (3) 
Respectfully submitted, 
~ W. B. Drake 
Associate Director of Research 
Cornmonweatth of Kentucky 
Department of Highways 
Report 
on 
LIM.~!:; STONE FINE AGGREGATE 
IN PO~TLANl) CEMENT CONCRETE 
by 
George R. Laughlin 
Research: Engineer, 
Highway Materials Re se'arch Laboratory 
Lexington, Kentucky 
February, 1960 
IN'rRODUC'riON 
Limestone is classified as a carbonaceous sedimentary rock, 
In general, the term is applied only to those rocks in which the car-
bonate fraction exceeds the non-carbonate fraction, The carbonate 
may be calcite and/or dolomite. In addition to the primary constituents, 
there are contaminating mine.rals such as quartz, clay minerals, chal-
cedony (chert and flint), pyrite, feldspars and organic matter. The 
clay minerals are probably the most deleterious contaminates in car-
bonate rock. 
As an aggregate in <;one rete, lime stone should be an inert 
constituent and should possess homogeneous physical properties. These 
properties are reflected in the texture, structure, and mineralogy of 
the rock. Texture o£ a ro-ek is the size, shape, and arrangement of 
the component elements, It may be de scribed as coarse grained, 
amorphous, oolitic, porous, permeable, etc. The structure of a rock 
deals with the larger featu):'es such as bedding planes, solution cavaties, 
concretions, etc, Figure 1 depicts a few of these features. 
The use of manufactured, limestone, fine aggregate in concrete 
has been and is a welcomed development in areas where limestones 
abound and where natural sands are scarce, expensive, or unsuitable. 
On the other hand, there seems to be some skepticisms among con-
crete designers toward manufactured sands, and some of these may be 
well-founded. The pro!s and con's related thereto were rece.ntly dis-
cussed and summarized by Havens(6)*. The principal criticisms reem 
* Numbers in parenthesis refer to references listed in Bibliography, 
see last page of report. 
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to have evolved from adverse particle shapes and an inherent tendency 
for the shaley, unsou:nd, stone to b!' concentrated into the fine sizes if 
the waste screenings from primary and secondary crusher are diverted 
to the production of fine aggregateo Of course, this is widely recog-
nized now as poor practice, and it is generally un.derstood that fine 
aggregate should be made largely from sound pieces of aggregate which 
have been formed by crushing but which remain unshattered following 
the preliminary crushing stage so It seems to be re.cognized further; 
that impact-type crushers generally yield better particle shapes, 
that roundness may be further enhanced by the use of rod- or abrading-
type milts, that wet or dry classifying units a.re essential to the 
control of gradations and the elimination of excessive amounts of 
dusL 
The Nashville District of the Corps of Engineers (3)(9) has 
used manufactured fine aggregate successfully by minimizing these 
detriments, that is: by careful selectio1~. of quarries, scalping the 
coarse aggregate •n- whereby most of the shale is eliminated -- and 
by using improved sand···Plant equipment such as ha·mmer mills, 
short-head, cm1e crushers, and air separatorso Most of the man.ufac-
tured fine aggregate used by the Corps of Engineers was employed in 
mass .concrete in the construction of Dale Hollow Dam (1943), Wolf 
Creek Dam (1951), Cheatham Lock and Dam Project ( 1953), and .Old 
Hickory Lock and Dam Project (1954) o Some of the pertient features 
related to these projects are presented in a conde·nsed form in the back of 
this report, The earlier report by Havens (6! reviewed the use of 
manufactured san.d in the construction of Norris Dam an.d elsewhere, 
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Lithographic Lime stone Bioclastic Lime stone 
Algal Limestone Oolitic Lime stone 
Fossiliferous Limestone Dolomite 
Fig. l, Texture and Structure of Carbonate Rocks. 
The purpose of this endeavor was to study further the rela-
tionship between the various shape parameters and the concrete making 
qualities of manufa.ctured and natural fine aggregates, To accomplish 
this, mixes were designed using a natural fine aggregate (Ohio River 
sand); then comparable mixes were designed using manufactured fine 
aggregates having various degrees of shape, roundness and surface 
texture. Flow tests were also performed on the fine aggregates in 
order to relate more accurately aggregate features to the water require-
ments for normal consistency. The results of the concrete mixes and 
flow tests were analyzed with respect to shape, roundness, and surface 
texture of the fine aggregates. 
In general, the results of these tests indicate that roundness 
as defined herein is the dominate feature in determining the concrete 
making qualities of fine aggregates. Sphericity as defined herein 
seems to be of relatively lesser importance in this respect. Texture 
of the surfaces likewise seem to be of minor importance. Since the 
direct measurement of shape parameters is a complicated procedure, 
a more practical, quick-type, control test is desired. Two tests of 
this type were studied, and the data therefrom are presented herein. 
A new type of test for shale in limestone is presented. It 
consists of boiling some samples of stone in glycerine which tends to 
disrupt the shale and cause degradation. In comparison with the 
sodium sulfate soundness test on fine aggregate .• this method appears 
to be a more specific test for the quantity of shale in the rock whereas 
the sodium sulfate test is considered to be more specific with respect 
to voids and pores in the rock. 
PHYSICAL CHARACTERISTICS 
OF FINE AGGREGATES 
The fine aggregates consisted of five groups. One was 
produced from locally available coarse aggregate, Oregon and 
Tyrone formations, by crushing in a hammer mill and is referred 
to as limestone (hammer mill). A second was produced by abrading 
the hammer-mill product, mentioned above, in a Los Angeles abrasion 
machine, and this material is referred to as limestone (rounded). A 
third material was produced by crushing chert in a hammer mill and is 
referred to as chert (hammer mill), This material was sele.cted for 
its smooth surface texture and the low degree of roundness produced 
when crushed. A fourth material was procured from the Hopkinsville 
Stone Company, Hopkinsville, Kentucky. This material was commer-
cially produced as fine aggregate and is the product of a short-head, 
c.one .crusher, The parent rock was quarried from the St. Genevieve 
limestone. The fifth material was na.tural fine aggregate, OhioRiver 
sand, .and is referred to as .na.tural sand. 
The mineralogy of the natural fine aggregate is listed in Table 1, 
The physical prope.rties of the fine aggregates used in this project are 
listed in Table 2. 
Roughness, Sphericity and Surface Texture 
Roundness has to do with the sharpness of the edges and corners 
of a particle. Using two-dimensional photographs, roundness is defined 
as the average radius of curvature of the corners of the grain image 
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TABLE 1 
Mineral9gy of Natural Fine Aggregate According to Sieve Sizes 
Percentage Retained on Sieve No. 
Mineralog 4 8 16 30 50 100 
Quartz 22. 50 13. 80 39.00 65.00 85.00 75.00 
Quartz s. s. 
or siltstone 40.00 23.00 18.50 14.00 12.00 22.50 
Chert 08. 50 20.00 16. 50 07. 50 02.50 00.50 
Granite 08. 50 06.50 01. 00 00. 50 
Lime stone 19. 50 36.00 23. 50 11.00 
Claystone 00.50 
Cinders 00.50 00, 50 
K-feldspars 00.50 00,50 
Coal 0 I. 00 01. 50 0 I. 50 
Hornblends 01. 50 
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TABLE 2 
Physical Properties of Agg_l"_~_gate s 
Identity 
Bulk Sp Gr 
Bulk Sp Gr (SSD) 
SP Gr (App.) 
Absorption{%) 
Dry Rodded 
Kentucky 
Specs.':< Natural Sand 
6 CA 3.10FM 2.40F.M 
2. 70 
2. 72 
2. 75 
0. 50 
2.59 
2.62 
2.67 
1. 26 
2.61 
2.63 
2.67 
0.88 
Unit Wt. (lbs/cu.ft.) 95.30 
Limestone 
(Hammer Mill) 
3.10FM 2.40FM 
---· 
2.69 2. 70 
2. 72 2.73 
2.77 2. 77 
1. 08 0.95 
Chert 
2.40FM 
2.62 
2.63 
2.65 
0.45 
Limestone 
(Rounded) (Cone Crusher) 
2.40FM 2.40FM 
2.70 2.69 
2.73 2.71 
2. 77 2. 75 
2.74 0. 88 
"" Used as coarse aggregate for all concrete mixes herein and as parent rock for limestone {hammer 
mill) fine aggregate and rounded lime stone fine aggregate. 
..., 
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divided by the radius of the maximum inscribed circle. This is 
expressed asP =r(ri/R)/N. Where ri is the individual radii of 
the corners, N is the number of corners and R is the radius of the 
maximum inscribed circle. 
To determine the roundness values of the fine aggregates in 
this project, samples of the materials retained on the 8-, 16, 30-, 
50- and 100-mesh sieves were photographed and enlarged. The follow~ 
ing illustrations, Figs. 2 thru 6, show some of the fine aggregate 
particles from which these determinations were made. 
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Lim~ stone (Rounded) 
Natural Sand 
l,.irn estone (Cc;me Crusher) 
l..hne stone (Hammer. Mill) 
Chert (Hammer Mill) 
Fig. Z. Fine Aggregate Retained on the No, 8 Sieve 
(Enlarged), . 
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Limestone (Rounded) 
Natural Sand 
Lim est one (Cone Crushe~) 
Limestone (Hammer Mill) 
Chert (Hammer Mill) 
Fig. 3. Fine Aggregate Retained on the No. 16 Sieve 
(Enlarged) 
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Lime!!ltone (Rounded) 
Natural Sand 
J,im estone (Cone Crusher) 
Limestone (Hammer Mitt) 
Chert (HammOT Mill) 
Fig. 4. Fine Aggregate Retained on the No. 30 Sieve 
(Enlarged). 
- 12 • 
Lime stone (Rounded) 
) 
Natural Sand. 
.l,.in)e~;~tone (H;a~mer Mill) 
Chert (Hi\mmer Mill) 
Fig. 5. Fine .,Aggregate Retained on the No. 50 Sieve 
(E;nla,rged). 
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Lime stone (RounQed) 
Natural Sand 
Lim est one (Cone Crusher) 
Lime stone (Hammer Mill) 
Chert (Hammer Mill) 
Fig. 6. Fine Aggregate Retained on the No. 100 Sieve 
(Enlarged). 
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Sphericity is also one of the several parameters used to des-
cribe particle shape. It differs from other methods in giving a nu~ 
merical index to particle shape. Sphericity is defined as the cube root 
of the ratio of the volume of the particle to the volume of the circum-
scribing sphere. \! (11'/6) cl 3 
(rr/S)a 3 
Thus sphericity = 
:\ff!: 
a3 
Ill 
-
Krumbein (8) has pointed out that the most particles d 3 is approxi-
mately equal to abc, the product of the three axles. 
The ratio of the three principals axes were measured by placing 
a grain at a time under a wide field binocular microscope containing 
a micrometer eyepiece having a fixed scale. The first two axial 
ratios were measured by rotating the eyepiece, then the grain was 
rotated with a damp camel's hair brush, size 00, and the third axial 
ratio was measured. This procedure required about thirty seconds 
per grain measured. In measuring particles of different sizes the 
magnification was changed by means of the parfocal objectives in order 
to keep the grain image within the scale of tj::te eyepiece. 
The surface texture of a particle has to do with the minor 
features such as polish, frosting, and striations. For this project, 
the surface texture was evaluated from thin sections depicting cross 
sectional views. This was accomplished by viewing the edges of thin 
sections, imbedded in balsam, through a polarizing microscope. A 
Camera Lucida was used to make outlines of the aggregate surfaces. 
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The following tables and figures list the results of the deter-
minations of roundness, sphe r icity,and surface texture. 
Table 3 -Roundness Values 
Wtd, 
Type of Sieve -Size Nos, Avg. 
Fine Aggregate -8-------rb 30 5il ----roo Avg . 2. 40FM 
Lime stone (Rounded) .35 . 52 . 48 . 65 . 61 . 52 . 55 
N.3.tural Sand . 64 . 52 . 50 . 33 .38 .45 . 44 
Limestone (Hammer Mill) . 46 . 33 . 39 . 32 . 39 .38 . 42 
Limestone (Cone Crusher) .34 .41 .54 . 48 . 30 . 40 . 42 
Chert (Hammer Mill) . 42 . 38 . 30 . 34 ,31 .35 ,34 
Table 4- Sphericity Values 
Type of Sieve-Size N-::~s. Wtd.Avg. 
Fine Aggresate 11> 30 50 100 A~~40F~ 
Limestone (Rounded) . 76 . 78 . 70 . 75 . 78 . 75 . 75 
Natural Sand .72 . 65 .84 . 78 . 76 . 75 . 76 
Lime stone (Hammer Mill) . 81 . 80 .72 . 70 .67 . 74 . 73 
Lime stone {Cone Crusher) .72 . 68 . 66 . 74 .67 . 69 . 69 
Chert (hammer Mill) . 78 . 73 . 71 .67 . 70 .72 . 7! 
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Chert ~ ~ ~~''""' 
Natural -
Ls,(cone crusher) ""'%-
Ls.(hammer mill) 
Fig. 7. Typical Surface Textures by Cross-
Sectional Views. 
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Since the natural fine aggregate contained particles of differing minera-
logy, numerous thin sections were used to obtain a descriptive value of 
the surface texture. 
Flow Tests 
As a further evaluation of fine aggregates from the standpoint of 
water requirements, flow determinations were performed on each fine 
aggregate (saturated surface dry) by using a modified form of ASTM 
Cl09-58. One se.ries of tests was performed using equal weights of fine 
aggregate and another using equal volumes. This test consisted of plac-
ing a weighed quantity of water and cement in the mixer and blending 
for a period of thirty seconds at a slow speed, then the fine aggregate 
(FM 2.40) was added over a 30-sec. period. The mixer speed was in-
creased to medium for 2 min. Flow determinations were made with 
varying water contents until 100 percent flow was attained. The results 
from these tests are given in Table 5. 
!!.E.LBuling as an Indirect Evaluation of Particle Shape 
Whereas the flow test previously described reflects the amount 
of water needed to obtain a standard consistency and is in a sense an 
empirical measure of inter-particle friction (shape), a dry-bulking 
test has been proposed (4) wherein one-size fraction of fine aggregates 
are carefully poured into a vessel of known volume and the solid volume 
of aggregates is computed from its weight and specific gravity - thus, 
yielding a percentage voids. Such a test was performed on the series of 
fine aggregates included in this study and in accordance with the pro-
cedure given in Appendix I. The proponents of the test suggest that the 
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Table 5- Water R~irements for 100 percent Flow, 
Type of Cement Aggregate Aggregate Water 
Fine Aggregate { ms) _lg_ms) (cc) (gms) 
Constant Weight Series 
Lime stone (Rounded) 500 1375 228.4 
Natural Sand 500 1375 236.3 
Limestone (Hammer Mill) 500 1375 252.2 
Limestore {Cone Crusher) 500 1375 254.9 
Chert (Hammer Mill) 500 1375 275.8 
Constant Volume Series 
Lime stone (Rounded) 500 1424.4 526.21 231. 9 
Natural Sand 500 1375 526.21 236.3 
Lime stone {Hammer Mill) 500 1424.4 526.21 253. 9 
Limestone (Cone Crusher) 500 1415.5 526.21 257.7 
Chert (Hammer Mill) 500 1378.6 526. 21 276,4 
arithmetic a 1 ave rage for size-fractions included be tween the 
No. 8 to 16, No. 16 to 30, and the No. 30 to 50 sieves should not 
exceed 53 percent voids. The results from these tests are presented 
in Table 6. 
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Table 6 - Particle Shaee (Exeressed as Percent Voids) 
Types of Percent Voids-Sieve Size Nos. Wtd. 
Fine Aggregate 8 lb 30 so 100 Avg. Avg. 
Limestone 
(Rounded) 46 46 47 50 53 48 48.9 
(Washed) 45 45 45 46 46 45 45.5 
Natural Sand 43 44 45 46 47 45 45.4 
Limestone 
(Hammer Mill) 49 50 51 53 54 51 51. 9 
Limestone 
(Cone Crusher) 50 51 52 51 51 51 51. 2 
(Washed) 49 51 52 51 50 51 50.8 
Chert 
(Hammer Mill) 49 49 49 52 54 51 49.5 
These values correlated best with roundness; but the smoother 
surface texture, as in the case of the natural sand and crushed chert, 
seems to have a lesser but significant influence on the results. In 
the cases of the limestones, dust on the surfaces of the grains may 
have contributed additional friction and thereby interferred with the 
natural packing of the particles. This apparent influence of texture 
here was practically negated in the water-requirement test for normal 
consistency and in concretes because previously cited data show that 
the rounded lim.estone sand required considerably less water than any 
of the other sands tested. 
MIX DESIGNS AND TESTS ON CONCRETES USING 
VARIOUS FINE AGGREGATES 
Type-1 portland cement was secured in bags, blended, and 
stored in air-tight containers until used, The coarse aggregate con-
sisted of locally crushed limestone from the Oregon and Tyrone for-
mations. The Oregon is a gray, massive, granular dolomite, The 
Tyrone is a gray, massive, cryptocrystalline limestone with facets of 
coarse calcite crystals. 
All concrete mixes were designed using the solid volume 
method, All solid volumes were held constant except for the mix 
water which was varied to maintain a 3-in. slump, Mixes were de-
signed for fineness moduli of 3.10 and 2.40 for both the natural fine 
aggregate and the manufactured limestone fine aggregates, Also, 
mixes were made for the chert fine aggregate, cone-crusher fine 
aggregate, and the rounded limestone fine aggregate to determine the 
mix-water requirements only. 
The aggregates were sieved andre-blended to assure exact 
gradations, The aggregate gradations are shown in Tables 7 and 8. 
Mix-design data are given in Table 9, 
The coarse and fine aggregates were wetted and covered with 
moist burlap for 24 hrs. prior to hatching. Each sample was turned 
over at intervals to assure uniformity of moisture, Free moisture 
determinations were made immediately before hatching. A 2~cu. ft., 
counter-current, Lancaster mixer was used for hatching. The mixing 
time for each batch was three minutes. 
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Table 7 Gradation of Coarse Aggregates 
Sieve Size No. %Passing* %Retained 
Sieve 
Size 
No. 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
Pan 
1-1/2 in. 
1 in. 
3/4 in. 
1/2 in. 
3/8 in. 
No.4 
No. 8 
100.00 
90.00 
78.00 
42. sn 
15.00 
02.50 
00.00 
00,00 
10.00 
12.00 
35. 50 
27.50 
12.50 
02.50 
* This gradation is the mid-point of the Kentucky 
Specifications for No. 6 aggregate. 
Table 8 - Gradations of Fine Aggregates 
3.10F.M. 2.40F.M. 
o/o Passing % Retained % Passing %Retained 
95.00 05.00 100.00 00.00 
82.00 13.00 94.00 06.00 
66.00 16.00 74.00 20.00 
35.00 31. 00 53.00 21.00 
10.00 25.00 31.00 22.00 
02.00 08.00 08.00 23.00 
00.00 02.00 00.00 08. 00 
Table 9 - Concrete Mix Designs 
28-Day 
Type of GF Slump W/G Unit'!}· Design % 
Fine Aggregate (bags/yd3} (in.} {gals/bag) b/b0 {lbs/f } Strength Air 
3.10 FM 
Natural Sand 6 3 6.00 . 68 148.60 4400 1.5 
Non A/E Limestone 
{Hammer Mill) 6 3 6.00 .68 149.84 4400 1.5 
Natural Sand 6 3 5.33 .68 143.27 4000 5.5 
A/E 
"Limestone 
(Hammer Mill) 6 3 5.33 68 145.20 4000 5.5 
2.40FM 
Natural Sand 6 3 6.00 . 75 148.45 4400 1.5 N 
Non A/E N 
Limestone 
(Hammer Mill) 6 3 6.00 . 75 150.00 4400 1.5 
Natural Sand 6 3 5.33 . 75 143.94 4000 5.5 
A/E 
Lime stone 
(Hammer Mill) 6 3 5.33 . 75 145.39 4000 5.5 
Chert 6 3 6.00 . 75 149.14 4400 1.5 
Non A/E Lime_stone 
(Rouni.ed) 6 3 6.00 . 75 150.00 4400 1.5 
Limestone 
(Cone Crusher) 6 3 6.00 . 75 149.83 4400 1.5 
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Commercial NVX air-entraining agent was added with the mix water, 
After completion of each mixing operation, the slump, air content, 
and unit weight were determined. 
For each mix design, the nine flexural- and compressive-test 
specimens were prepared. The specimens were cast in 6- x 12-in. 
cylinder molds and 3- x 4- x 16-in, beam molds. They were allowed 
to cure in a 100-percent humidity at 70°F, for 3, 7 and 28 days before 
testing. The beams were tested using third-point loading. These test 
results are given in Table 10, 
TYJJe 
Table 10 -Concrete Mix Design Test Results 
of Fine W/C ..,, Unit WJ- Co~ressive Streng;ths Flexural Strengths 
Aggregate (Actual) Air (lbs/ft ) 3-Dax: 7-Dax: 28-Dax 3-Dax: 7-Day ZB-Day 
3.10 FM 
Natural Sand 5.33 2. 10 149.40 3517 4801 5032 794 888 1062 
NonA/E Limestone 
{Hammer Mill} 5.71 2.05 150.20 3467 3997 4784 719 900 972 
Natural Sand 4. 82 5. 40 145.6 2936 3611 4435 725 744 925 
A/E 
Limestone 
{Hammer Mill) 5.20 5. 80 145.20 2830 3311 4236 688 781 1000 
2.40 FM 
Natural Sand 5.65 1.40 150.80 3211 3933 4886 694 794 988 N 
Non A/E 
.... 
Limestone 
{Hammer Mill) 5.97 l. 25 151.00 2848 3679 4939 744 787 1063 
Natural Sand 5. 11 4. 10 146. 80 3000 3422 4037 763 738 !003 
A/E 
Limestone 
(Hammer Mill) 5.33 4. 90 146.00 2936 3268 4236 556 750 900 
Chert 
{Hammer Mill) 6.00 
NonA/E Limestone 
(Rounded) 5.57 
Limestone 
{Cone Crusher) 5.92 
GLYCERINE SOUNDNESS TEST 
The soundness of a limestone aggreg;J.te depends in a general 
way on the voids structure and on the quantity and distribution of clay 
minerals. The sodium and magnesium sulfate tests determines sound-
ness in relation to the permeable voids. A glycerine test on the other 
hand, offers some hope of adjudging soundness in relation to the 
quantity and distribution of the clay minerals pre sent as impurities 
in the rock. Such minerals in a rock may be disseminated or be 
present in shale structures. It is known that clay minerals respond 
to polar compounds and that such compounds displace water normally 
held within the interlayer position. As an example, ethylene glycol 
has been used to induce swelling of clays (C-axis of expanding lattice 
clays) for subsequent identification by x-ray diffraction. Other polar 
compounds also ral'\idly penetrate and cause clays and shales to slake. 
In order to develop a test that would be sensitive to clay 
minerals, several polar liquids were tried on sawed prisms of lime-
stone containing shale structures. Of the liquids used, glycerine 
seemed to have the greatest effect. Samples of limestone containing 
shale structures were secured from local quarries. They are repre-
sentative of the Lexington lime stone and the Fairmount lime stone. 
First, two samples were tested by five cycles of the sodium sulfate 
soundness test, and then two similar samples were immersed in 
glycerine and heated to 292 "C (boiling point of glycerine). The 
following photographs, Fig. 8, i.tlustrate the comparative effects of 
sodium sulfate and glycerine. 
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Glycerine 
Before Testing 
After Testing 
Fig. 8. Effects of Testing Limestone in Sodium 
Sulfate Compared to Testing in Glycerine. 
Glycerine 
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It is hope.d that the glycerine test, since it may be performed 
in about one hou.r, and with very little equipment, may prove to 
be useful in checking ledge rock from quarry faces for shale seams. 
To further explore this possibility, the standard suHate soundness 
test ASTM Designation: C 88-55T, and the glycerine test, as pre~ 
viously described, were performed on fine aggregates from the 
Tyrone and Oregon lime stone formations which are essentially free 
of clay and shale structures, and on the Fairmount lime stone which 
contains shale structures. The comparative results of each type of 
test are given in Table 11, These results indicate a greater loss 
or degradation in the finer aggregate sizes of the shaley limestone 
when tested in the glycerine then when tested in sodium sulfate; 
however, the large sizes from the shaley limestone appear to be 
more resistant to glycerine than to sodium sulfate. On the other 
hand, the fine aggregate from the Tyrone and Oregon formations 
were less effected by the glycerine, in all sizes, than by the 
sodium sulfate. These results, therefore, tend to confirm the 
sete.ctivity and affinity of the glycerine to shaley lime stone frag-
ments; whereas, the sodium sulfate seems to work upon the natural 
voids, fissures, and fractures within the limestone. 
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Table 11 ~Results of Soundness Tests on Limestone Fine Aw.!B.ate __ 
NaSo4 Glycerine 
Soundness Test Soundness Test 
Oregon & --------oregon& 
Fairmount Tyrone Fairmount Tyrone 
Passing Retained o/o Loss o/o Loss %Loss o/o Loss 
3/8 in. No. 4 28.34 5.85 4.67 l. 42 
No. 4 No. 8 26.35 3. 17 10. 82 2. 76 
No. 8 No. 16 26. 99 7.87 14. 59 3. 07 
No. 16 No. 30 29. 31 8.08 27. 63 2.98 
No. 30 No. 50 31.01 19.37 39.09 2. 82 
Average o/o Loss 28.40 8.87 19.36 2.61 
DISCUSSION 
From the analyses of roundness, sphericity, and surface texture, 
the degree of roundness appears to correlate fairly well with the water 
requirements in the flow test (inversely), the percentage voids from 
the bulking test (directly), and the actual water requirements for the 
concrete mixes (inversely). Sphericity values appear to be rater 
erratic although the range of values obtained is rather small. It 
seems, therefore, that sphericity is not a significant shape parameter 
insofar as this evaluation of aggregates is concerned. Surface texture, 
on the other hand, appears to have a significant influence in the dry 
bulking test but has none in the other tests. 
It may be noted that all of the fine aggregates fell well within 
the 53 percent voids suggested as the upper limit. Here again, the 
range of values is not very wide or sufficiently discriminatory. 
Judging from the fact that rounded limestone and the natural sand 
required considerably less water in the flow test and in the concrete 
mixes, it appears that the more desireable aggregates would give 
values close to 45 percent voids. 
In more specific regard to the flow test, it appears that the 
values therefrom, are wider in range and are more discriminatory 
than those obtained from any of the other tests performed. Whereas 
the rounded limestone and the natural sand required the least water, 
the limestones produced in the hammer mill and in the cone crusher 
required.significantly more. Thus, the rounded limestone and the 
natural sand have been distinguished as the more ideal aggregates. 
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The flow test likewise indicates that the cone-crusher product and 
the hammer-mill product are about equal in their water requirements. 
With regard to the concrete mixes, it was observed that 
those mixes using fine aggregates having fineness moduli of 3.10 
were slightly more harsh than those using the fine aggregates having 
the 2.40 fineness moduli. 
The glycerine soundness test appears worthy of further study. 
Confirmation along this and other veins will be sought in continuing 
work. 
APPENDIX I 
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METHOD OF TEST FOR THE DRY BUL.KING 
CHARACTERISTICS OF FINE AGGREGATE 
1, This test procedure describes a method of determining the 
dry bulking characteristics of size~fractions of fine aggregates. Bulk~ 
ing values or the percentage of voids computed therefrom provide an 
indirect evaluation of particle shape. 
Apparatus 
2. (a) Balance. A balance having a capacity of 1500 g or more 
and sensitive to 0.1 g or less. 
(b) Containers of at least 1500 g capacity suitable for drying 
samples, 
(c) Cylinder. A cylindrical tube having an inside diameter 
of 2-7/8 in. and a height of 5-1/2 in. mounted on a metal base 3-1/2 in. 
square. Thickness of base and cylinder wall should be sufficient to 
withstand normal use without distortion. 
(d) Cone. A truncated metal cone having an over~all 
height of 4 in., inside diameters of 5-1/2 in, .for the large opening 
and 1 in. for the small opening, The truncated cone shall be mounted 
with the small diameter downward on a suitable frame so that when 
performing the test the axis of the cone and cylinder are on the same 
vertical line. The plane of the small end of the cone shall be exactly 
1 in. above the top plane of the cylinder. 
(e) Sieves. Sieves with square openings conforming to 
Specifications for Sieves for Testing Purposes (ASTM Designation E 11) 
of the following sizes are required: 
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No, 8, No. 16, No. 30 No. 50 
(g) Steel straight edge 1 by 6 by 1/16 in. thick, 
Samples 
3. (a) Fine Aggregate .. Samples of fine aggregate for test 
shall be obtained by the method o£ quartering or by use of a sample 
splitter. 
The sample shall be washed thoroughly, d.ried to constant 
weight at 105 to 110 C (221 to 230 F), and s.eparated into the following 
si~e s: 
Passing Retained 
No, 8 No, 16 
No. 16 No. 30 
No, 30 No .. 50 
Approximately 1500 g o£ each of the above sizes is required for test. 
(b) Coarse Aggregate, A sample of coarse aggregate is 
required for specific gravity determination. This sample shalt consist 
of 5000' g o£ material which passes the l-1 /Z in, sieve and is .retained 
on the 3/4 in. sieve, and shalt be represe):ltative of the mate.rial from 
which the fine aggregate sample is derived. 
Procedure 
4. (a) The apparatus shall be assembled as indicated in 2 (d) 
on a flat rigid surface free £rom vibration. 
(b) One of three sizes of fine aggregate to be tested shall 
be poured into the co):le while a stiff piece of metal is held against the 
bottom, aperture. The cone shall be fitle.d until the sand is heaped 
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above the top level of the cone between one and two in., care being 
taken not to overflow the cone or spill material into the cylinder 
below. The piece of metal used to close the bottom of the cone is 
quickly withdrawn in a horizontal movement and the sand permitted 
to flow freely into the cylinder beneath until it overflows. The flow of 
sand from cone to cylinder is then cut off and any sand remaining in 
the cone is allowed to flow into a shallow pan. 
(c) The cylinder shall then be carefully struck off with the 
straight edge, level with the top of the cylinder. This is accomplished 
by holding the straight edge in both hands, edge down; starting at one 
side, strike off the sand above the plane of the cylinder. The straight 
edge is then pla.;:ed along a diameter of the cylinder and the sand struck 
off ·again. This is then repeated in the opposite direction. 
Extre.me .care shall be taken during the striking of£ operation 
to avoid any downward pressure on the sand or any jarring of the 
cylinder. 
(d) After carefully removing any sand from the base of the 
cylinder, the weight of the contents shall be determined to the nearest 
o. l g. 
(e) The sand shall then be recombined with the excess 
from the cone, thoroughly mixed, and two additional determinations 
made. An average of three determinations having a maximum range of 
4 g shall constitute a test. 
(f) Tests shall be performed on each size separately. 
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Calculations 
5.. The percent voids of each size shall be determined by 
the following formula. 
Report 
w 
Percent voids ;: 100 ( l - VG ) 
W "' weight of sand in cylinder 
V = volume of cylinder in cubic 
centimeters 
G = bulk specific gravity of the 
coarse aggregate a.s deter-
mined by the applicable por-
tions of ASTM Designation 
C-127-42. 
6. The percent voids obtained from the arithmetical average of 
the percent voids of the three sizes tested shall be reported. 
APPENDIX II 
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RESUME OF MANUFACTURED FINE AGGREGATE 
USED BY THE CORPS OF ENGINEERS, US ARMY 
NASHVILLE DISTRICT 
For several years the Corps of Engineers has made use of manu-
factured lime stone fine aggregate in mass concrete and more recently 
in structural concrete . 
. Starting with Dale Hollow Dam, which was completed in 1943, 
the manufactured lime stone fine aggregate was produced from the St. 
Louis and Warsaw formations. The fine aggregate plant consisted of a 
gyratory crusher, screens and a hammer mill, The gradation require-
ments were: 
Sieve o/o Passing 
3/8 in. 100 
No.4 95-100 
No, 16 50-70 
No. 50 15-30 
No. 100 8-15 
Wolf Creek Dam was completed in 1951. The manufactured 
limestone fine aggregate was produced from the St. Louis and the St. 
Genevieve formations. The fine aggreg;l.te plant consisted of a standa.rd 
4-l/4-ft. Symons, cone crusher; two 24- by 54-in. Traylor AA, 
roll crushers; a 4-ft. Symons, sho.rt-head, cone crusher; two hammer 
mills, vibrating scre.ens, and a 16-ft. air separator. The air separator 
was needed to remove excess fines. 
Sieve 
3/8 in, 
No.4 
No. 16 
No. 50 
No. 100 
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The gradation requirements were: 
o/o Passing 
100 
98-100 
45-80 
15-30 
4-15 
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The Cheatham Lock and Dam Project was completed in 1953. 
The fine-aggregate plant consisted of a 4-ft, Symons, sho.rt-head, 
cone crusher; s.creens; and a 16-ft, air separator. The gradation 
requirements were: 
Sieve ~Passing 
No. 4 95-100 
No. 8 80-90 
No. 16 55-75 
No. 30 30-60 
No. 50 12-30 
No. 100 3.5-10 
Also, the fineness modulus was held between 2. 4 and 2. 9. Nine out 
of ten samples of fine aggregate delivered to the mixer had a variance 
of not more than 0. 10 from the average, 
The Old Hickory Lock and Dam Project was completed in 1954. 
The fine-aggregate plant consisted of two 4-ft,, sho.rt-head, cone-
crushers, screens, and an air separator. The gradation requirements 
were the same a,s for the Cheatham Lock and Dam ProjecL Manufac-
tured limestone fine aggregate was used in structural concrete with a 
blend of portland and natural cements which required more water due 
to the fineness of the natural cement but also gave more plasticity to 
the mix. The structural concrete mix designs are given in the follow-
ing tabulation. 
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Structu.ra1 Concrete Mix De signs 
Ol.d Hickory Lock and Dam Project 
Max. size agg .. 
Cement factor 
WIC 
o/o entrained air 
%fine agg, 
Cement, lbs. 
Thee. Wt. 
lbslcu.ft. 
Actual Wt. 
lbs I c;u. ft. 
Mix Design Mix Design 
No, -:1, No. 5 
I. 1 12 in. 3 I 4 in. 
6 6 
5. 8 (avg) 5, 9 (avg) 
4, () (a vg) 3. 8 (avg) 
33 35 
129-natu.ral 129-natural 
423-portland 423-portland 
151.0 151.1 
148.0 148,0 
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